Patients with a germline mutation in von Hippel-Lindau (VHL) develop renal cell cancers and hypervascular tumors of the brain, adrenal glands, and pancreas as well as erythrocytosis. These phenotypes are driven by aberrant expression of HIF2a, which induces expression of genes involved in cell proliferation, angiogenesis, and red blood cell production. Currently, there are no effective treatments available for VHL disease. Here, using an animal model of VHL, we report a marked improvement of VHL-associated phenotypes following treatment with HIF2a inhibitors. Inactivation of vhl in zebrafish led to constitutive activation of HIF2a orthologs and modeled several aspects of the human disease, including erythrocytosis, pathologic angiogenesis in the brain and retina, and aberrant kidney and liver proliferation. Treatment of vhl -/mutant embryos with HIF2aspecific inhibitors downregulated Hif target gene expression in a dose-dependent manner, improved abnormal hematopoiesis, and substantially suppressed erythrocytosis and angiogenic sprouting. Moreover, pharmacologic inhibition of HIF2a reversed the compromised cardiac contractility of vhl -/embryos and partially rescued early lethality. This study demonstrates that small-molecule targeting of HIF2a improves VHL-related phenotypes in a vertebrate animal model and supports further exploration of this strategy for treating VHL disease.
Introduction
Patients with a germline mutation in the von Hippel-Lindau (VHL) tumor suppressor gene develop a characteristic constellation of hypervascular tumors, which include retinal and central nervous system hemangioblastomas (HBs), renal cell carcinomas (RCCs), pheochromocytomas, pancreatic neuroendocrine tumors, and papillary cystadenomas of the pancreas and middle ear as well as erythrocytosis (1) . The VHL protein targets the HIF family members for destruction; therefore, loss of pVHL function in cells leads to constitutive upregulation of HIF1α and HIF2α. HIFs transactivate genes involved in angiogenesis, erythropoiesis, metabolism, cell proliferation, and metastasis (2) . Typical HIF target genes include VEGF, TGF, erythropoietin (EPO), EPO receptor (EPOR), transferrin, and angiopoietin 1 (2, 3) .
Most human epithelial cells express both HIF1a and HIF2a paralogs, with overlapping but also distinct and opposing functions (4) . While both are activated by hypoxia and loss of VHL, it is well established that HIF2α, in contrast to HIF1α, acts as an oncogene, at least in the case of VHL-related and sporadic RCC. HIF2α promotes cellular proliferation, cancer metabolism, stemness, and c-MYC activity, and its expression in human RCC tumors correlates with poor prognosis (5) (6) (7) . Expression of HIF1α, on the other hand, appears to act as a tumor suppressor, inhibiting the growth of RCC cells in culture and in xenograft animal models (8) . It is therefore not surprising that xenograft and transgenic animal models strongly indicate that inactivation of HIF2α is both necessary and sufficient for the tumor suppressor function of VHL protein (5, (9) (10) (11) .
Currently, there is no medical therapy available for treatment or prevention of VHL disease (12) . Surgery is the main treatment modality. Unfortunately, patients with VHL have to undergo multiple surgical procedures for tumors that appear serially over a lifetime. Repeated surgeries often lead to significant injury to the normal renal or brain parenchyma and result in serious morbidity or mortality. Often, surgical intervention is not even feasible because of the location of the HB in the brain stem or other vital structures. Sunitinib, an oral inhibitor of receptor tyrosine kinase VEGFR2, targets only one of multiple downstream targets of HIF2α. Medical treatment of a small cohort of patients with VHL with sunitinib showed only a modest effect in RCC and no effect in brain or retinal HB (13) .
Pharmacologic inhibition of HIF2α appears an ideal therapeutic strategy for VHL disease and HIF2α-driven tumors (14, 15) . HIF2α inhibitors should yield a wide therapeutic window, since VHL-proficient, well-oxygenated cells require minimal HIF2α expression. We identified such inhibitors in a mammalian cellbased screen (16) . We previously showed that they promote selectively the binding of intracellular iron regulatory protein 1 (IRP1) to the 5′-UTR of HIF2a mRNA, resulting in repression of HIF2α, but not HIF1α, translation (16) . There is now compelling evidence that IRP1 is critical for regulation of HIF2α activity in mammalian cells (16, 17) . In addition to cell culture experiments, it has been Patients with a germline mutation in von Hippel-Lindau (VHL) develop renal cell cancers and hypervascular tumors of the brain, adrenal glands, and pancreas as well as erythrocytosis. These phenotypes are driven by aberrant expression of HIF2α, which induces expression of genes involved in cell proliferation, angiogenesis, and red blood cell production. Currently, there are no effective treatments available for VHL disease. Here, using an animal model of VHL, we report a marked improvement of VHL-associated phenotypes following treatment with HIF2α inhibitors. Inactivation of vhl in zebrafish led to constitutive activation of HIF2α orthologs and modeled several aspects of the human disease, including erythrocytosis, pathologic angiogenesis in the brain and retina, and aberrant kidney and liver proliferation. Treatment of vhl -/mutant embryos with HIF2α-specific inhibitors downregulated Hif target gene expression in a dose-dependent manner, improved abnormal hematopoiesis, and substantially suppressed erythrocytosis and angiogenic sprouting. Moreover, pharmacologic inhibition of HIF2α reversed the compromised cardiac contractility of vhl -/embryos and partially rescued early lethality. This study demonstrates that small-molecule targeting of HIF2α improves VHL-related phenotypes in a vertebrate animal model and supports further exploration of this strategy for treating VHL disease.
the epas1a and epas1b 5′-UTR-directed luciferase translation but not the hif1aa and hif1ab 5′-UTR-directed luciferase translation (Figure 1C) . These data suggest that zebrafish epas1a and epas1b retain functional IREs within their 5′-UTR, similar to their mammalian ortholog HIF2a, while hif1aa and hif1ab do not. In addition, they suggest that compound 76 specifically represses epas1a and epas1b but not hif1aa and hif1ab translation.
To test whether the prototypic HIF2α inhibitor (compound 76) suppresses HIF activity in vivo, we challenged WT zebrafish embryos with the chemical hypoxia mimetic dimethyloxalylglycine (DMOG) in the presence of compound 76 or vehicle-only control. DMOG inhibits HIF prolyl hydroxylases, which target HIF for degradation, and therefore treatment of WT embryos with this chemical mimetic is expected to stabilize the regulatory subunits of Hif paralogs and activate their downstream targets (21, 26) . WT embryos treated with 100 μM DMOG for 48 hours ( Figure 1D ) exhibited a remarkable upregulation of the bona fide Hif target genes prolyl hydroxylase 3 (phd3), epo, and vegfab ( Figure 1 , E and F, and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI73665DS1). Preincubation of embryos with 1, 5, and 10 nM of compound 76 was sufficient to significantly inhibit DMOG-induced Hif signaling in a dose-dependent manner, as assessed by quantitative RT-PCR (qRT-PCR) of Hif target genes from whole embryo-derived mRNA ( Figure 1 , E and F). Compound 76 did not decrease the expression of the non-Hif target genes neurofibromin 2a (nf2a) and retinoblastoma 1 (rb1) (data not show).
HIF2α inhibitors suppress hypoxia-induced erythrocytosis and angiogenesis. Hypoxia leads to HIF-dependent erythrocytosis and angiogenesis through activation of EPO and EPOR as well as several of the angiogenesis-promoting genes (27) (28) (29) . Given the biochemical evidence that compound 76 inhibits Hif target genes in vivo, we tested whether it can alter the animal's physiology in response to hypoxia.
To image the combined effect of angiogenesis (expansion of the vascular bed) and erythrocytosis (increase in intravascular erythrocyte mass), we stained WT embryos with O-dianisidine, a dye that stains hemoglobin. Treatment of WT embryos with DMOG activates Hif, leading to both erythrocytosis and sprouting of blood vessels. This effect is particularly visible in the animal trunk, and it was completely rescued by treatment with 10 nM of compound 76 ( Figure 2A ). We objectively quantified the differences in O-dianisidine staining by creating a computer-assisted classifier that recognizes the stained pixels in the image ( Figure 2B ). Image analysis shows that 48-hour treatment of zebrafish embryos with DMOG induced a 2-fold increase in their hemoglobin content and angiogenic sprouting, both of which are suppressed by treatment with 10 nM of compound 76 ( Figure 2C ).
As previously described, compound 76 is a specific inhibitor of HIF2α and not HIF1α in both the mammalian and the fish models. This specificity is further supported by the observation that a second HIF2α inhibitor (compound 77) rescued DMOG-induced erythrocytosis and angiogenic sprouting ( Figure 2D ), while an inactive form of compound 76, compound KM03814, and the HIF1α inhibitor PX-478 failed to do so ( Figure 2 , E and F).
The zebrafish orthologs of mammalian HIF2a are critical for the zebrafish erythropoiesis. Zebrafish harbor 4 distinct HIF genes, but their specific roles in hypoxia signaling are unclear. To investigate shown that mice engineered to lack IRP1 develop HIF2α-dependent erythrocytosis and pulmonary hypertension (18) (19) (20) .
Here, we provide for what we believe to be the first time evidence that HIF2α inhibitors significantly improve the phenotype of VHL disease in a vertebrate animal model. Zebrafish embryos, which are homozygous for loss of vhl function mutations, develop Epo-driven erythrocytosis, similarly to patients with VHL (21, 22) . In addition to erythrocytosis, vhl -/embryos develop complex blood vessel networks in the brain and in the retina, resembling the highly vascular HBs encountered in patients with VHL. Moreover, vhl -/embryos exhibit a proliferative liver and kidney phenotype that likely reflects aspects of the VHL-associated tumor biology as well as cardiomegaly with decreased cardiac contractility. Taking into account that hypoxia, angiogenesis, and erythropoiesis constitute pathways conserved between humans and fish (23) (24) (25) , the vhl zebrafish model currently stands as the best animal model to study HIF2α inhibitors and the biology of VHL disease in vivo.
In this study, we show that systemic administration of HIF2α inhibitor compound 76 significantly decreased HIF2α signaling in vivo in both hypoxia-challenged and vhl -/zebrafish models. This HIF2α repression rescued vhl -/embryo pathologic angiogenesis and erythropoiesis, normalized vhl -/embryo-impaired cardiac contractility, and improved embryonic survival during the early larval stage. To the best of our knowledge, this was the first time that the transcription factor HIF2α was targeted in vivo. Optimization of these HIF2α small-molecule inhibitors through structurefunction analysis and medicinal chemistry approaches is required for further development of these compounds for preclinical and clinical use, which may have a profound effect on the treatment of human VHL disease.
Results

HIF2α inhibitors suppress hypoxia-induced HIF target genes in vivo.
The signaling pathways regulating angiogenesis, erythropoiesis, and the cellular response to hypoxia are highly conserved among vertebrates, rendering zebrafish embryos attractive models to test therapeutic compounds in vivo. Protein alignment reveals a 70% similarity between human HIF2α and zebrafish Epas1b and a 64% similarity between human HIF2α and zebrafish Epas1a. Both of these zebrafish genes harbor an iron-responsive element (IRE) loop in their 5′-UTRs, in which the IRE consensus sequence and the mandatory 5′ cytosine are conserved ( Figure 1A ). Previously, we showed that the presence of an IRE in the 5′-UTR of human HIF2a is necessary and sufficient for the activity of HIF2α inhibitors (16) . These inhibitors repress HIF2α translation by promoting the binding of IRP1 to the 5′-UTR IRE in HIF2a mRNA ( Figure 1B) . In contrast to HIF2a, the 5′-UTR of HIF1a does not contain a functional IRE, and, consequently, compound 76 fails to suppress HIF1α translation in mammalian cells (16) . Similarly to mammalian genes, zebrafish HIF2a orthologs epas1a and epas1b, but not the HIF1a orthologs hif1aa and hif1ab, contain an IRE within the 5′-UTR ( Figure 1A ). To functionally validate the zebrafish IREs, we subcloned the zebrafish 5′-UTR corresponding to each paralog (epas1a, epas1b, hif1aa, and hif1ab) upstream of the luciferase-coding sequence of reporter plasmids. We transfected the reporter plasmids into mammalian cells and tested the ability of compound 76 to suppress luciferase translation regulated by each zebrafish 5′-UTR. Compound 76 suppressed compound 76 to suppress the DMOG-induced upregulation of epo in these mutants ( Figure 3C ). The above data suggest that epas1a is the main paralog that mediates the hypoxic upregulation of epo and that it is likely the main target of compound 76.
To further corroborate the role of the zebrafish orthologs of mammalian HIF2a (epas1a and epas1b) in the hypoxia phenotype, we injected WT embryos with morpholinos targeting either the translation of epas1a and epas1b in combination or hif1aa and hif1ab in combination and quantified the expression of epo in response to DMOG. The specificity of the morpholinos for each paralog was verified in reporter experiments (Supplemental Figure 2 ). Combined targeting of epas1a and epas1b led to ablation of epo and vegfab induction ( Figure 3D and Supplemental Figure 3 ). In contrast, combined targeting of Hif1aa and Hif1ab proteins did not signifi-the relative contribution of the zebrafish paralogs in the response of the animals to hypoxia, we compared WT zebrafish embryos to embryos in which hif1ab or epas1b were knocked out (referred to herein as hif1ab or epas1b embryos). Treatment of WT embryos with the chemical mimetic DMOG resulted in a specific 2-fold upregulation of epas1a mRNA expression, while the expression of the other Hif paralog mRNAs did not change significantly ( Figure 3A ). The DMOG-mediated induction of epas1a mRNA was even greater in the hif1ab mutants and epas1b mutants (4-fold increase compared with WT animals) ( Figure 3B ). These observations suggest that epas1a putatively contributes more than the other Hif paralogs to the overall response of the animals to hypoxia, at least at the embryonic stage of development. The increased expression of epas1a mRNA in the hif1ab and epas1b mutants correlates with an enhanced ability of to their WT or heterozygote siblings ( Figure 4B ). In WT embryos, epas1a mRNA was the main paralog expressed over the period spanning 24 hours to 12 days post fertilization (dpf) ( Figure 4B ). In vhl -/embryos, epas1a expression increased sharply at 3 dpf, and, in contrast to that in sibling WT or heterozygote embryos, it did not diminish at 4 dpf but remained elevated up to 7 dpf. Of note, the epas1a paralog is both the main paralog constitutively expressed in vhl -/zebrafish embryos and the one induced by chemical hypoxia mimetics in WT embryos, as we showed above. Epas1a is the ortholog of the mammalian HIF2a; the latter was shown to mediate many loss-of-pVHL phenotypes in VHL KO mice (27, (30) (31) (32) and to drive the growth of pVHL-deficient RCC in humans.
To test whether compound 76 suppresses Hif signaling in vhl -/embryos, we treated 3-dpf vhl -/animals and their WT or heterozygous siblings with this inhibitor for 4 days ( Figure 4C ). The elevated expression of HIF homologs in the vhl -/zebrafish resulted in a robust activation of Hif signaling. For example, expression of cantly change epo induction by DMOG. Taken together, these data suggest that the hypoxic upregulation of epo is preserved between zebrafish and mammals and is mediated by the HIF2a homologs. This indicates that the HIF2α inhibitors used in this work mainly act by suppressing translation of HIF2a homologs.
HIF2α inhibitors suppress aberrant expression of HIF target genes in the vhl mutant zebrafish. vhl -/zebrafish display the human VHL disease signature phenotypes of erythrocytosis and inappropriate vessel proliferation (refs. 21, 22, and Figure 4A ). In humans, HIF2α is a critical target of VHL tumor suppressor protein, and inactivation of HIF2α in genetically engineered mice ameliorates the lossof-pVHL phenotypes (9, 27, 30-32). As described above, zebrafish express 4 Hif paralogs. To provide insights into the putative contribution of each paralog to the development of the vhl -/embryo phenotype, we compared the expression of hif1aa and hif1ab (homologs of mammalian HIF1a) as well as epas1a and epas1b (homologs of mammalian HIF2a) during the development of vhl -/animals (CHT) ( Figure 5C ). Moreover, compound 76 markedly decreased the number of orthochromatophilic erythroblasts (undifferentiated red blood cells in stage III) present in the 8-dpf vhl -/blood smears (from 45% to 31%) and increased the number of differentiated erythrocytes (from 52% to 67%) ( Figure 5D ). These data indicate that this HIF2α inhibitor decreases the amount of red blood cells in vhl -/embryos, possibly by promoting their differentiation. In order to quantify the effect of compound 76 in the pathologic angiogenesis of vhl -/embryos, we crossed the transgenic GFP-fli1 +/+ line with the vhl +/line. Fli1 is an established marker of endothelial cells in mice, and Fli1 promoter-driven GFP labels the vasculature of zebrafish embryos (33) . vhl -/embryos formed an abnormal vascular network in the brain, the retina, and the tail ( Figure 5E ), reminiscent of the highly vascularized human retinal and CNS HBs encountered in patients with VHL. A 2-day treatment from 3 dpf to 5 dpf with compound 76 was sufficient to diminish the complex vascularity in the brains and the tails of vhl -/embryos (white arrows in Figure 5E ), abrogating some of the abnormal connections between the segmental vessels ( Figure 5E ).
Interestingly, the Fli1-driven GFP intensity in the CHT of vhl -/embryos was also decreased after treatment with HIF2α inhibitor ( Figure 5E ). This hematopoietic tissue, situated between the caudal artery and the caudal vein, works as an intermediate hematopoietic site (34) . It sprouts out of the single vessel caudal vein by extensive angiogenesis at 24 hours after fertilization, forming a closed and highly vascular plexus with hematopoietic activity. To quantify the GFP intensity in the CHT of vhl -/embryos, we selected a region of phd3, a bona fide Hif target gene, was 400-fold increased in vhl -/embryos, compared with that in sibling embryos (WT or heterozygotes) ( Figure 4D ). Treatment of vhl -/embryos with compound 76 significantly suppressed the expression of phd3 in a dose-dependent manner ( Figure 4D ). In addition, all Hif target genes tested (epo, transferrin, vegfab, angiopoetin 1, and tgfa) were significantly downregulated by compound 76 ( Figure 4E ).
HIF2α inhibitors suppress pathologic erythropoiesis and angiogenesis in vhl -/embryos. One of the most prominent phenotypes of vhl -/embryos is the development of erythrocytosis and sprouting of blood vessels in the trunk (21) , as shown by O-dianisidine staining ( Figure 5, A and B) . Treatment of 5-dpf vhl -/embryos with compound 76 significantly decreased O-dianisidine staining intensity ( Figure 5, A and B) .
Staining with O-dianisidine reflects the amount of hemoglobin/ number of red blood cells and their distribution in the expanded vascular bed. To test the effect of compound 76 on each of these processes, we separately quantified the changes induced by compound 76 on erythroid hematopoiesis and the formation of vasculature.
vhl -/embryos display an increased number of circulating erythroid progenitors and erythroid markers when compared with WT embryos (21) . In order to investigate whether compound 76 could affect erythropoiesis and erythroid progenitors, whole-mount in situ hybridization for the erythroid progenitor marker cmyb was carried out in 5-dpf vhl -/embryos. The results indicate that compound 76 decreased the percentage of vhl -/embryos with expanded erythroid progenitor marker cmyb in the caudal hematopoietic tissue interest (ROI) for each image (orange rectangle in Figure 5F ), and we quantified the mean intensity within this region. The intensity of GFP-positive cells in the CHT of vhl -/embryos was highly enhanced when compared with that of the siblings ( Figure 5E ). As previously described, vhl -/embryos exhibit highly proliferative hematopoiesis in the different hematopoietic tissues, including in the CHT (21) . This enhanced Fli1-GFP intensity in the CHT of vhl -/embryos was not attenuated by treatment with cediranib, a potent and selective inhibitor of VEGF receptor (data not shown), but in contrast, it was diminished after 2 days of treatment with compound 76 ( Figure 5F ). HIF2α inhibitor improves cardiac contractility in vhl -/embryos and enhances their viability. The zebrafish vhl -/mutants die at the larval stage, around 13 dpf. Severe heart defects and respiratory complications represent possible reasons for the early death, since they display cardiomegaly and pericardial edema. To test whether treatment with compound 76 can rescue this phenotype, we measured the ventricle performance of vhl -/embryos and siblings at 5 dpf. A landmark measurement of ventricle performance is given by the fractional shortening, the difference between ventricle diameter during systole and diastole (35) . vhl -/embryos exhibited a decreased ventricle performance, as shown by a low fractional shortening value (r = 0.54) when compared with that of siblings (r = 0.62) ( Figure 6A ). Treatment with compound 76 significantly improved ventricle fractional shortening of vhl -/embryos (r = 0.61, P < 0.05).
Finally, we investigated whether the molecular and physiologic changes induced by HIF2α inhibitor compound 76 would increase the life span of vhl -/embryos. To this end, we monitored the survival rates of vhl -/embryos treated with compound 76 or vehicle-only control, beginning on 3 dpf. vhl -/embryos started to die at 7 dpf ( Figure 6B ), potentially due to respiratory and severe heart defects and/or malnutrition. Their death rate increased over time; by around 12 dpf, nearly all animals were dead. Treatment with compound 76 significantly enhanced the early animal viability, specifically on 7 dpf and 9 dpf ( Figure 6B ). This significant improvement in early survival could be attributed to an overall "normalization" of Hif signaling, leading to a combined improvement in erythrocytosis, blood volume, vascular bed, and cardiac function.
Here, we used a zebrafish model for VHL disease to provide compelling evidence that pharmacologic targeting of HIF2α can treat VHL phenotypes and to validate the presented HIF2α inhibitors as promising lead compounds for treatment of VHL disease.
Discussion
Patients with VHL disease develop clear cell RCCs; HBs of the CNS, including the retina; erythrocytosis; pancreatic neuroendocrine tumors; and pheochromocytomas. The current treatment of the disease is based on repeated surgeries that may result in renal insufficiency or severe neurologic deficits (12) . Medical therapy with VEGF a zebrafish model of VHL disease. We are currently using medicinal chemistry to modify these compounds, based on structure-activity analysis, with the goal of developing derivatives suitable for preclinical and clinical testing.
Targeting transcription factors has been regarded as a challenging problem in drug development. Early attempts to interfere with protein-DNA interactions have failed, and only recent approaches using stapled peptides appear promising in directly interfering with transcriptional activity (41) . The clinical applicability and efficacy of the stapled peptide approach remain to be tested. Pharmacologic inhibition of the interaction between transcription factors and their cognate coactivators or histone modifiers appears promising (42) . The HIF2α inhibitors that we discovered function by specifically repressing the translation of this transcription factor. To the best of our knowledge, the only other available small molecule with specific HIF2α inhibitor activity uses a different mode of action; it disrupts HIF2α-ARNT heterodimerization (43) . No data on the efficacy of this compound in vivo have been published. It is conceivable that multiple inhibitors of HIF2α, with different mechanisms of action, can be combined for treatment of VHL disease.
The inhibitors used in the current study not only suppressed HIF signaling biochemically at a potency that is reasonable for hit compounds (10 nM -1 μM) but they also induced changes in the physiology of the vhl phenotype: they significantly inhibited erythrocytosis, trimmed vessel expansion, improved cardiac contractility, and promoted survival. Erythrocytosis and vascular proliferation are established outcomes of the transcriptional activity of HIF2α (9, 27, 44) . On the other hand, the mechanisms leading to cardiac dysfunction and embryo death are likely complex and have not yet been elucidated. A direct link between HIF2α activity and cardiomyocyte physiology has been postulated (45) . In addition, a recent study showed that HIF2α activation in IRP1 KO mice stimulates EPO and endothelin-1 and promotes pulmonary hypertension in the animals (19) . Endothelin-1 is a potent vasoconstrictor peptide, which is released by endothelial cells in conditions of hypertension, myocardial infarction, and congestive heart failure (46, 47) . Endothelin-1 expression promotes low fractional shortening of the left ventricle of hypertensive mice. These data implicate the HIF-driven gene endothelin-1 in cardiac failure (48) . It is possible that zebrafish endothelin-1 is upregulated in vhl -/embryos cardiomyocytes, leading to impaired ventricular function. Treatment with HIF2α inhibitors promptly improved cardiac ventricular function in vhl -/embryos. It was previously proposed that vhl -/embryos die due to cardiac failure (21) . Therefore, the improvement of ventricular function and the potential delay of cardiac failure may explain the effect of HIF2α inhibitors on vhl -/embryo viability during early larval stages.
Inhibition of HIF2α led to a significant decrease in the Fli1-GFP-driven fluorescence of the CHT, a highly vascular plexus, with rapid proliferation of hematopoietic stem cells (34) . vhl -/embryos exhibit an increase in c-myb + hematopoietic stem cells in the CHT (21) , and the Fli1 promoter marks macrophages and myeloid cells in addition to vascular endothelial cells (33) . HIF directly transactivates transcription factors that promote "stemness" (49) , and HIF2α has been reported as necessary for maintenance of glioblastoma stem cells (50) . Therefore, it is conceivable that HIF2α inhi-inhibitors has a modest, at best, effect on RCC lesions only. Published reports indicated a partial response of metastatic or locally advanced RCC in patients with VHL (36) (37) (38) (39) . No medical therapy for HB exists so far; there has been no evidence of HB response to VEGF inhibitors in the patients with VHL treated for RCC. Experiments in xenograft or genetically engineered animal models of VHL disease strongly suggest that HIF2α is a critical therapeutic target for VHL-deficient tumors (5, 9, 10) . Here, we used specific HIF2α small-molecule inhibitors to treat the phenotypes linked to loss of VHL function in the best available model for the human disease, the vhl mutant zebrafish embryo (21, 22) . There are many pharmacologic differences between clinically administering a compound to higher vertebrates and testing its in vivo efficacy by adding it to the medium used in the zebrafish colony. Nevertheless, testing a compound in zebrafish models provides information on acute and obvious toxicities and provides evidence of efficacy in a vertebrate model that resembles VHL disease. This is why the zebrafish has been regarded as a great model organism for chemical screens, leading to discovery of clinically promising compounds (40) .
Our work presents for what we believe to be the first time a paradigm of pharmacological treatment of VHL phenotypes in a vertebrate animal model. The HIF2α inhibitors that we used (compounds 76 and 77) are nonoptimized hits from a cell-based screen (16) . Their mode of action consists of enhancing the binding of IRP1 to the 5′-UTR of HIF2a and therefore suppressing HIF2α translation. It is quite remarkable that, even without further chemical optimization, these inhibitors display promising activity in vivo and have the ability to partially reverse the VHL phenotype of total number of normal, developmentally abnormal, or dead embryos was counted 24 hours after injection. At 3 dpf, injected WT embryos were treated with 100 μM DMOG for 24 hours, and their total RNA was then extracted for qRT-PCR analysis. Quantitative real-time PCR. RNA was harvested from zebrafish embryos, at the indicated developmental stage, using the RNAeasy Mini Kit (Qiagen). Purified RNA was treated with RNA-free genomic DNA wipeout to remove genomic DNA and cDNA was synthesized using the Quantitect Reverse Kit (Qiagen). PCR was performed using the Fast SYBR Green Master Mix (Applied Biosystems) and run on a 7500 Fast Real-Time PCR System machine (Applied Biosystems). The following intron-spanning primers were used: 5′-TCGCTAGTTGGCATCGTTTATG-3′ and 5′-CGGAGGTTCGAA-GACGATCA-3′ for 18S; 5′-CCTGGAAATGGAGCTGGATA-3′ and 5′-CCGGTCAAATAAAGGCTCAA-3′ for phd3; 5′-TGTTGGTG-GAAATTCAGCAG-3′ and 5′-CACCCTGATGACGAAGAGGT-3′ for vegfab; 5′-GCATCAGACAAGTGCTGCG-3′ and 5′-AGACAGGTG-CATTGGCGAG-3′ for epo; 5′-GCCTTGTTCAAACCCTACCA-3′ and 5′-TGGAGAAGAATGTCGCCTCT-3′ for epas1a; 5′-CTCATCATCT-TCCCCTTCCA-3′ and 5′-GCCACCGAGTGACTTCAGAT-3′ for epas1b; 5′-AGCGTCACCTCTAACCTGGA-3′ and 5′-AAAAGAAAC-CCGTCCAGAGC-3′ for hif1aa; 5′-CCTGGACAAAGCCTCCATTA-3′ and 5′-CCATCCTCAGACAGGACCAT-3′ for hif1ab; 5′-AAATGGG-CACCAGTCTTCTG-3′ and 5′-ATTGGTGGACAGCGAGTTCT-3′ for angiopoietin 1; 5′-TTGCAACCACGACAACAACT-3′ and 5′-AAC GACATGTGCCATGAAAA-3′ for tgfa; and 5′-TTACATGG-GAGGGTCCTAATGAG-3′ and 5′-GGACACAACTGCTCGAGAA-GAA-3′ for transferrin.
Zebrafish 5′-UTR vectors and in vitro experiments. The pTol2 vector was engineered to contain the 5′-UTR of each of the zebrafish genes, hif1aa, hif1ab, epas1a, and epas1b, upstream of the luciferase ORF: pTol2-hif1aa 5′-UTR-Luc, pTol2-hif1ab 5′-UTR-Luc, pTol2-epas1a 5′-UTR-Luc, pTol2-epas1b 5′-UTR-Luc, and pTol2-Luc control. U2OS cells (human bone osteosarcoma cells) were stably transfected with pTol2-Luc, pTol2-hif1aa 5′UTR-Luc, pTol2-hif1ab 5′UTR-Luc, pTol2-epas1a 5′UTR-Luc, or pTol2-epas1b 5′UTR-Luc. Transfected U2OS cells were treated for 30 hours with 5 μM of compound 76 or vehicle control (DMSO). The total protein was extracted and the luciferase activity was measured using the Dual-Glo Luciferase Kit (Promega). The luciferase activity was normalized to total protein levels, and the normalized signal from compound 76-treated cells was normalized to DMSO-treated cells. Experiments were performed in biological triplicates. Computer-assisted quantification of image intensity. Ilastik (52), an open-source interactive learning and segmentation tool kit, was used to train classifiers to recognize stained pixels in the images. Ilastik version bition leads to a combined suppression of both the vascular and the hematopoietic stem cell component of CHT. It is possible that the complex vascular and hematopoietic CHT compartment of the zebrafish mimics the microenvironment that promotes the development of brain stem HBs. If this is the case, the vhl -/embryo will provide an attractive model to screen for inhibitors of VHL-related HB disease in addition to the HIF2α inhibitors we present here.
Methods
Zebrafish strains. Zebrafish (Danio rerio) embryos were grown in the dark at 28.5°C in Tübingen E3 HEPES buffer. Animal experiments were conducted based on standard fish husbandry protocols according to US national guidelines. Vhl hu2117 fish were provided by Fredericus van Eeden (The University of Sheffield, Western Bank, Sheffield, United Kingdom). vhl -/embryos were obtained as needed from breeding pairs of Vhl hu2117+/adult fish, and their genotype was confirmed by PCR using the following primers that span the mutation site: 5′-CGTTGAAGCTTTAGTCTAACTCGG-3′ and 5′-CGAACCCA-CAAAAGTTGTTATTCT-3′.
Zebrafish hif1ab (ENSDARG00000034293) and epas1b (ENS-DARG00000057671) mutants were generated using engineered transcription activator-like effector nucleases as previously described (51) . The hif1ab mutant allele contains a 4-bp deletion in intron 1, causing a disruption of its splice donor site. The epas1b mutant allele contains a 10-bp deletion in exon 3, resulting in a frameshift mutation that will affect 754 of the total 834 amino acids (Supplemental Figure 4) . Tg (GFP:Fli1) breeding pairs were provided by David Laugenau (Massachusetts General Hospital Cancer Center). Heterozygous Vhl hu2117+/mutants were crossed with the transgenic line Tg (GFP:Fli1) in order to obtain Tg (GFP-fli1 vhl +/-) and Tg (GFP-fli1 vhl -/-) embryos. vhl -/embryos and siblings (WT and vhl +/embryos) were divided at 3 dpf according to phenotypic differences. Treatments with HIF2α inhibitor compound 76 or 0.01% DMSO (in E3 buffer) to assess the expression of Hif target genes were started in 3-dpf embryos. Treatment with 100 μM DMOG was performed in 5-dpf WT embryos for 48 hours, unless described otherwise.
Morpholinos. The hif1aa, hif1ab, epas1a, and epas1b morpholinos were designed to specifically block the translation of the specific mRNAs. The following sequences were used: hif1aa morpholino (TTTTCCCAGGTGCGACTGCCTCCAT), hif1ab morpholino (CAGT-GACAACTCCAGTATCCATTCC), epas1a morpholino (ATGATGCT-GAAGAACCTTGTCCTGC), epas1b morpholino (TCATCGCGCCG-TTCTCGCGTAATTC).
To test the activity and specificity of the morpholinos, the pTol2 vector was engineered to contain the different morpholino target sequences upstream of EGFP cDNA: Hif1aa-ATGMO-EGFP, Hif1ab-ATGMO-EGFP, Epas1a-ATGMO-EGFP, and Epas1b-ATGMO-EGFP. RNA was synthesized in vitro from each vector using the mMESSAGE mMACHINE T3 Kit (Ambion). Single-cell stage WT embryos were injected with 150 ng/μl RNA and 0.2 mM of the correspondent morpholino or scrambled morpholino control. At 24 hours after fertilization, the embryos were imaged for EGFP signal on an Olympus MVX10 microscope using a ×6.3 objective.
To test the contribution of the different Hif paralogs to the hypoxia response in zebrafish, hif1aa and hif1ab morpholinos in combination, epas1a and epas1b morpholinos in combination, or the control morpholino were injected (at 0.2 mM) into single-cell stage WT embryos. The jci.org Volume 125 Number 5 May 2015
tricaine. Embryos were immobilized in 1% low-melting-point agarose and mounted. Confocal images were taken on a Zeiss LSM 700 microscope using a ×10 objective. Maximum intensity projections were obtained by running multiple Z-stack slides, and 3D reconstructions were made using the Zen 2009 software. Fluorescent images were acquired on an Olympus MVX10 microscope using a ×6.3 objective. Using ImageJ, a ROI was selected in the CHT and used to calculate the mean intensity value for each image. Each experiment had 5 embryos per sample and was performed in triplicate. Cardiac contractility. The method for quantification of cardiac contractility was previously described (35) . In brief, cardiac image analysis was performed using the Measurement Studio and IMAQ Vision software packages (National Instruments) with VisualStudio 6.0 (Microsoft). Sequential still frames were analyzed to identify ventricular end systole and end diastole. The endocardial boundary was traced, and the area of the region defined by this trace was recorded. Five sequential cardiac cycles were recorded at a minimum. Fractional area change (FAC), an established parameter of ventricular performance, was calculated based on the following formula: FAC = 100 × (EDA -ESA)/EDA, where EDA and ESA indicate end diastole and end systole areas, respectively.
Statistics. Statistical analysis was performed for all the experiments. Paired, 2-tailed t test was used for all the analyses, except for the ventricle fractional shortening experiment, in which 1-way ANOVA test was used. Differences between 2 groups were considered significant when the P value was less than 0.05.
Study approval. All animal experiments were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care -OLAW assurance no. A3596-01.
